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. FOREWORD 

The work described i n  t h i s  report i s  part o f  t h e  SNAP-8 Refractory 

Met a1 B o i  ler Development Program, NASA Contract NAS 3- 10610. conducted 

by t h e  General Electric Company, 

management of R.  D. Brooks of t h e  General Electric Company and E. R .  Furman 

of t h e  L e w i s  Research Center, NASA. 

The work was done under t h e  t e c h n i c a l  
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S h e l l  s i d e  hydraul ic  c h a r a c t e r i s t i c s  of a f u l l - s c a l e  SNAP-8 

mult iple- tube model b o i l e r  were thoroughly inves t iga t ed  over  a 

tu rbulen t  Reynolds number range from 18,000 t o  38,000. F r i c t i o n  

f a c t o r s  for flow p a r a l l e l  t o  a tube  bundle with or without turbulence 

prOmoters have been determined experimentally.  Loss c o e f f i c i e n t s  for 

tube support ing spacers  and e x i t  o r  i n l e t  manifolds were a l s o  measured 

experimentally.  In addi t ion,  t h e  e f f e c t  of t h e  inooming flow condi t ion  

on t h e s e  loss coefficients was inves t iga ted .  With t h e  a id  of upstream 

dye i n j e c t i o n s ,  a v i sva l  study was made on t h e  s h e l l  s i d e  flow 

d i s t r i b u t i o n  a f f ec t ed  by turbulence promoters and t h e  e x i t  ho le-s lo t ted  

b a f f l e .  Resul ts  a r e  presented i n  graphical forms, 
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I INTRODUCTION 

S h e l l  s i d e  flow f r i c t i o n a l  c h a r a c t e r i s t i c s  and flow d i s t r i b u t i o n  

play an important p a r t  i n  t h e  s h e l l  and tube  heat  exchanger design. 

Pressure losses ,  f h id - f low d i s t r i b u t i o n  and f luid-f low mixing a r e  

o f t en  determining f a c t o r s  i n  t h e  design of a r e l i a b l e ,  high performance 

heat  exchanger. However, many aspec ts  of t h e  problems assoc ia ted  

with t h e  s h e l l  s i d e  f luid-f low a re  very d i f f i c u l t  t o  t r e a t  a n a l y t i c a l l y  

and recourse t o  experimental r e s u l t s  obtained from model tests by 

using water o r  o t h e r  easy f l u i d  as t h e  working f l u i d  w i l l  be u s e f u l  

and necessary.  

I n  most heat exchangers, tu rbulen t  flow ou t s ide  of and p a r a l l e l  

t o  t he  ax i s  of a tube bundle i s  of frequent occurrence and pressure  

drop da ta  s p e c i f i c a l l y  appl icable  t o  a p a r t i c u l a r  geometry a r e  not 

genera l ly  ava i l ab le  i n  t h e  l i t e r a t u r e .  Furthermore, the  c a l c u l a t i o n  

or pred ic t ion  of t h e  s h e l l  s i d e  f luid-f low f r i c t i o n a l  c h a r a c t e r i s t i c s  

when the f l u i d  flows across  tube  supporting spacers ,  turbulence promoters, 

and e x i t  o r  i n l e t  flow d i s t r i b u t i o n  devices  a r e  complicated by t h e  

f a c t  t h a t  t h e r e  i s  no way a n a l y t i c a l l y  t o  p red ic t  t h e i r  l o s s  

c o e f f i c i e n t s .  For t h i s  reason, model tests a r e  a l s o  necessary i n  

order  t o  secure a dependable beat exchanger design. 

A s e r i e s  of she l l  s i d e  flow hydraul ic  tests of a model b o i l e r  

by using water a s  t h e  working f l u i d  were conducted by Nuclear Systems 

Programs, General E l e c t r i c  Company f o r  NASA under cont rac t  NAS 3-10610, 

SNAP-8 Refractory Bo i l e r  Development Program, t o  eva lua te  t h e  f r i c t i o n a l  

c h a r a c t e r i s t i c s  of t h e  f u l l - s c a l e  SNAP-8 r e f r ac to ry  metal b o i l e r .  A 

geometr ical ly  f u l l - s c a l e  simulated model b o i l e r  was used i n  t h e  test (I 

Figure (31) g ives  a photographic view of such a s h e l l  and tube  model 
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b o i l e r  assembly. A d e t a i l e d  desc r ip t ion  of t h e  test  sec t ion  w i l l  

be given subsequently i n  Sect ion 11. 

Nine combinations of w i r e  c o i l  ( w i r e  diameter x p i t ch )  were 

employed i n  t h e  present  test  f o r  flow d i s t r i b u t i o n  s tudies .  The 

w i r e  c o i l s  were used as turbulence promoters by wrapping them 

around t h e  tube bundle. Three d i f f e r e n t  geometries of tube support ing 

spacers  were t e s t e d  f o r  evaluat ing t h e  ind iv idua l  l o s s  c o e f f i c i e n t .  

A p l ex ig l a s s  model of t h e  e x i t  o r  i n l e t  manifold and flow b a f f l e  

assembly which was designed t o  in su re  uniform flow d i s t r i b u t i o n  i n  

t h e  e x i t  o r  i n l e t  region was a l s o  t e s t e d  t o  eva lua te  i t s  performance. 

The d e t a i l  design approach of such an assembly was given i n  

Reference ( 1). 

Measurement of t h e  following pressure  lo s ses  were accomplished 

i n  t h e  present  study: 

S h e l l  s i d e  a x i a l  flow passing t h e  tube  bundle. 

She l l  side perturbed a x i a l  flow (by h e l i c a l l y  wrapped 

w i r e  c o i l  around t h e  tube  bundle) passing t h e  tube 

bund l e .  

Tube supporting spacers  with t h r e e  d i f f e r e n t  geometries, 

subject  t o  incoming a x i a l  flow o r  perturbed a x i a l  flow. 

Exit  or i n l e t  manifold. 

I n  general ,  f r i c t i o n a l  l o s ses  a r e  ca l cu la t ed  a s  recommended 

by McAdams ( 2 )  by c a l c u l a t i n g  a hydraul ic  equivalent  diameter f o r  t h e  

tube bundle and subsequently using it a s  a round tube diameter i n  

a conventional f r i c t i o n a l  f a c t o r  c o r r e l a t i o n  equation. Therefore,  

a comparison was then  made between t h e  present test  d a t a  and t h e  

conventional pressure  lo s s  p red ic t ion  f o r  t h e  a x i a l  flow case t o  

see  whether f r i c t i o n a l  l o s ses  ca lcu la ted  by t h e  conventional methods 

were s u f f i c i e n t l y  accura te  f o r  design uses .  
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Suf f i c i en t  pressure  loss test d a t a  were accumulated and co r re l a t ed  

5 3.8 x 10 . 4 4 Over t h e  tu rbulen t  Reynolds number range of 1.8 x 10 < N 

For t h e  purpose of f u t u r e  design uses ,  t h e  conventional f r i c t i o n  f a c t o r s  

and l o s s  c o e f f i c i e n t s  w e r e  evaluated from test  d a t a  for a x i a l  flow, 

perturbed a x i a l  flow, spacers  and e x i t  or i n l e t  manifolds. The r e s u l t s  

a r e  presented i n  graphica l  form. 
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I1 DESCRIPTION OF TEST APPARATUS 

A schematic of t h e  test  se tup  and t h e  test sec t ion  used t o  

conduct t h e  s h e l l  side flow study a r e  shown i n  Figures  (1) and (2) 

respec t ive ly .  A s  shown i n  Figure (11, p lan t  water a t  a maximum 

pressure  of 50 p s i a  i s  f i r s t  passed through a s tandard 2.1-inch 

o r i f i c e  t o  measure t h e  flow r a t e .  The water flow r a t e  was cont ro l led  

by a manually operated con t ro l  valve and was measured by reading 

t h e  pressure  drop across  t h e  o r i f i c e  p l a t e  with a mercury manometer. 

The o r i f i c e  c a l i b r a t i o n  curve i s  given i n  Figure ( 7 ) .  The water 

then flows through a 2 l /%-inch f i r e  hose and comes t o  t h e  t ransparent  

model b o i l e r  s h e l l  test sec t ion ,  where a l l  s i x  pressure  l o s s  

measurements were taken. Af t e r  running through t h e  b o i l e r  shell  and 

e x i t  manifold assembly, t h e  running water was discharged i n t o  a 

d r a i n  a f t e r  passing through a 2 1/2-inch, 30-foot long f i r e  hose. 

A s  shown i n  d e t a i l e d  dimensions i n  Figure (3), t h e  tube bundle 

c o n s i s t s  of seven s t a i n l e s s  s t e e l  oval-shaped tubes.  The e q u i l a t e r a l  

t r iangular -p i tched  tube  bundle used i n  t h e  present  test  c lose ly  

resembles t h e  one a c t u a l l y  employed i n  t h e  SNAP-8 power conversion 

system. The 21-foot long tube  bundle was then  f i t t e d  snugly i n t o  

t h e  20-foot long, 4.75-inch I D  model b o i l e r  s h e l l  which is made of 

t ransparent  p l ex ig l a s s  f o r  t h e  purpose of flow v i sua l i za t ion .  F ina l ly  

t h e  model b o i l e r  s h e l l  test  s e c t i o n  was i n s t a l l e d  i n  the hydraul ic  

t e s t  s tand a s  shown i n  Figure (1) .  

The e x i t  manifold assembly which i s  shown i n  d e t a i l  i n  Figures  (2) 

and (4 ) ,  was then  connected t o  t h e  b o i l e r  she l l  a t  t h e  e x i t  end. The 

s p e c i a l l y  designed e x i t  o r  i n l e t  manifold assembly featured a series 

of d i f f e r e n t  s ized  r a d i a l  p o r t s  on t h e  s h e l l  wall .  These r a d i a l  p o r t s  

were so s ized t o  in su re  a uniform r a d i a l  flow d i s t r i b u t i o n  i n  t h e  

flow e x i t  region (1) 
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Copper w i r e  c o i l  with var ious combinations of sizes and p i t ches  

was used over a 5-foot a x i a l  tube length a s  a turbulence promoter 

f o r  t h e  s h e l l  s ide f luid-f low by wrapping it around t h e  tube bundle. 

Tes t s  were conducted i n  t h i s  per turbed a x i a l  flow region according 

t o  t h e  following test  plan matrix: 

Wire S ize  Wrapped P i t c h  I 

Two tube  support ing spacers  w i t h  exac t ly  t h e  same shapes were 

placed i n  t e s t  s ec t ions  I1 and IV.  The purpose of t h i s  arrangement 

i s  t o  study t h e  f r i c t i o n a l  c h a r a c t e r i s t i c s  of s h e l l  s i d e  fluid-flow 

passing t h e  same spacer  but w i t h  d i f f e r e n t  incoming flow condi t ions ,  

i . e . ,  pure incoming a x i a l  flow f o r  t e s t  s e c t i o n  I1 and perturbed a x i a l  

flow for  t e s t  s e c t i o n  I V .  Three d i f f e r e n t  designs of spacer  geometry 

were used i n  t h e  test .  As shown i n  Figure ( 5 ) ,  t h e  spacer  under t h e  

name "Rod Spacer" was t h e  one cu r ren t ly  used i n  Bo i l e r  SN-1 which was 

under endurance test  a t  Nuclear Systems Programs, General Electric 

Company, s ince  February, 1967 and t h e  one under t h e  name of('Spacer No. 2" 

was t h e  revised vers ion of "Spacer No. 1" which was o r i g i n a l l y  designed 

f o r  t h e  redesigned SNAP-8 bo i l e r .  

Lis ted below a r e  t h e  s i x  test  s e c t i o n  pressure  loss measurements 

a s  shown i n  Figure (2 ) .  They a r e  designated a s  follows: 

(CIP) I Pressure  loss f o r  

over 5-foot a x i a l  

Pressure  loss f o r  

a x i a l  flow. 
(@P) I I 

a x i a l  f l o w  p a r a l l e l  t o  t h e  tube  bundle 

tube  length.  

t h e  spacer  subjec t  t o  incoming 
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Pressure l o s s  f o r  t h e  h e l i c a l  w i r e  c o i l  region over 

5- foot  axi  a1  tube length 
(Ap) T I I 

Pressure l o s s  f o r  t h e  spacer  subjec t  t o  incoming perturbed 

a x i a l  flow. 
IV 

(c9) Pressure l o s s  f o r  fluid-flow across  the  she l l  tube r a d i a l  por t s .  

(AP) Pressure  loss f o r  f luid-f low across  t h e  c i r c u l a r  e x i t  manifold. 

S t  a t  i c  pressure  t a p  holes ,  s u i t  ably located f o r  measuring ind iv idua l  

pressure  drop f o r  she l l  s i d e  f luid-f low across  t h e  e n t i r e  b o i l e r  assembly 

were provided i n  each of t h e  above mentioned test sec t ions .  For t h e  

purpose of obtaining accura te  and r e l i a b l e  pressure  drop da ta ,  an e f f o r t  

was made t o  use  a piezometer r ing  on each pressure  t a p  loca t ion ,  t h a t  is ,  

an interconnected set of s t a t i c  pressure  holes  (e ight  holes  had been 

used i n  each loca t ion)  around t h e  per imeter  of t h e  b o i l e r  s h e l l  i n  a 

plane normal t o  the  d i r e c t i o n  of fluid-flow. 

S i x  standard 30-inch manometers, made by ther Meriam Instrument Co., 

w e r e  used t o  measure t h e  pressure  d i f f e r e n t i a l  across  each tes t  sec t ion .  

The ind ica t ing  f l u i d  i s  Meriam D-8325 which has a s p e c i f i c  g rav i ty  of 

1.745 a t  60'F. The manometers a r e  subdivided i n t o  l / l0-inch. 

Two dye i n j e c t i o n s  located t h r e e  f e e t  upstream from test  sec t ion  

were employed f o r  t h e  photographic recording and v i sua l  observat ion 

of t h e  flow d i s t r i b u t i o n  i n  t h e  w i r e  c o i l  and e x i t  manifold regions.  

A hypodermic (needle  and syr inge)  was used t o  i n j e c t  dye i n t o  t h e  

stream a t  a s u f f i c i e n t  r a t e  t o  in su re  adequate co lor .  A tank of 

compressed argon gas  was used t o  supply t h e  back pressure  f o r  t h e  

hypodermic. 
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111 DESCRIPTION OF TESTING PROCEDURES 

The d e t a i l e d  operat ing procedures f o r  t h e  present  s h e l l  s i d e  model 

b o i l e r  ‘hydraul ic  test  are l i s t e d  successively a s  follows: 

A. I n i t i a l  S t a r tup  

Step (1) Open water con t ro l  valve 

A l l o w  water t o  pass  through t h e  test sec t ion  and 

gradual ly  f i l l  t h e  test section. 

Step (2) Check and e l imina te  a i r  bubbles entrapped along a l l  

p ressure  l i n e s .  

B. Pressure Readings 

Step (1) Set  up des i red  flow rate by con t ro l l i ng  the  water 

valve manually. 

Step (2) Pressure  reading a t  t h e  o r i f i c e .  

Step (3) Pressure reading a t  each t e s t  sec t ion .  

Step (4) Set  up higher  flow r a t e  by opera t ing  t h e  

water con t ro l  valve. 

Step (5) Repeat s t e p s  (21, (3) and (4) u n t i l  t h e  maximum 

allowable water flow r a t e  is  reached. 

C.  Dye I n j e c t i o n  

Step (1) Set up photographic equipment i f  p i c t u r e  i s  

required t o  be taken  a t  some p a r t i c u l a r  s ec t ion  

along t h e  model b o i l e r .  
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F i l l  enough dye i n t o  t h e  hypodermic and open the  

dye con t ro l  valve. 

Observe and record t h e  flow d i s t r i b u t i o n  a s  t h e  dye 

flows and mixes w i t h  t he  s h e l l  s i d e  water flow i n  t h e  

w i r e  coil  region and e x i t  manifold region. 

P i c t u r e  taken i f  required.  

Repeat s t e p s  (2) and (3) i f  necessary. 

Temperature Reading 

Step (1) Pe r iod ica l ly  t ake  t h e  temperature reading of t h e  

running water a t  t h e  e x i t  s e c t i o n  by us ing  a 

thermometer. 

Change of SDacers and Wire Coil  

C l o s e  water con t ro l  valve and let water d r a i n  gradual ly  

from t h e  test section. 

Disconnect t h e  e x i t  manifold assembly. 

Pu l l  out t h e  tube bundle. 

I n s t a l l  t h e  new w i r e  co i l  combination (wire  

diameter x p i t ch )  and t h e  spacer .  

F i t  t h e  tube bundle i n t o  t h e  b o i l e r  s h e l l  and connect 

t h e  e x i t  manifold assembly. 

Repeat s t e p s  i n  ( A ) ,  (B), (C) and (D). 

The following general  rules were cons tan t ly  exercised i n  tak ing  a l l  

t h e  pressure  drop readings: 

(1) Allow a reasonableperiod of t i m e  f o r  t h e  system t o  reach 

a s teady s t a t e  condi t ion before  pressure  readings were taken. 
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(2) During t h e  tes t ,  water flow r a t e s  were ra i sed  gradual ly  

from t h e  i n i t i a l  s t a r t -up  value up t o i t s  maximum 

allowable value. For each run a r e p e a t a b i l i t y  check of 

t h e  test da t a  was performed by reducing t h e  flow r a t e  from 

i t s  maximum value back t o  some intermediate  value. 

(3) Specia l  a t t e n t i o n  was taken before  a l l  p ressure  readings 

t o  in su re  t h a t  a l l  p ressure  l i n e s  were f r e e  from entrapped 

a i r  bubbles. 

(4) The Meriam manometers were a l l  cleaned and r e f i l l e d  with 

t h e  f r e s h  ind ica t ing  f l u i d  before t h e  test  took place.  

I n  addi t ion,  f o r  each test  run a l l  t h e  manometers were 

c a r e f u l l y  checked t o  avoid errors due t o  impur i t i e s  i n  

t h e  measuring system o r  f a u l t y  readings.  

( 5 )  Special  c a r e  was taken f o r  wrapping t h e  w i r e  c o i l  

around t h e  tube  bundle t o  in su re  evellly wrapped p i t c h  

and no compression on t h e  tube  bundle assembly. 

( 6 )  Attent ion  was cons tan t ly  taken t o  check any leakage a t  

connections,  f i t t i n g s  and glued pa r t s . '  





I V  DATA REDUCTION AND PRESSURE LOSS CORRELATION 

A. Data Reduct i on  Procedures 

(1) Water Flow Rate W ( lb/sec)  
H2° 

During t h e  t e s t ,  t h e  water flow r a t e  was measured by t h e  pressure  

d i f f e r e n t i a l  across  t h e  2.1-inch o r i f i c e  p l a t e  from a mercury 

manometer i n  u n i t s  of inches of mercury. A c a l i b r a t i o n  curve, 

a s  shown i n  Figure ( 7 ) ,  was then  used t o  ob ta in  t h e  water flow 

i n  lb/sec.  

(2) Pressure LOSS, aP ( p s i )  

A l l  p ressure  l o s s  readings along t h e  model b o i l e r  t e s t  s ec t ion  

were recorded i n  u n i t s  of inches of Meriam f l u i d .  The s p e c i f i c  

g rav i ty  of such ind ica t ing  f l u i d  was furnished by t h e  maker, 

t h e  Meriam Instrument Co. and given i n  Figure (6 ) .  The pressure  

loss i n  p s i  i s  then  ca lcu la ted  by t h e  following equat ion 

1 AP = 62.4 ( y  - 1) (AH) - m 1728 

= 0.0271 (&-I) 

Where y = 1.75, t h e  s p e c i f i c  g rav i ty  f o r  Meriam f l u i d  a t  60°F, 

was used. AH, expressed i n  inches,  denotes t h e  height d i f f e r e n t i a l  

from t h e  Meriam manometer readings.  

m 

(3) F r i c t i o n  Factor,  f 

I n  t h e  p ipe  flow, it has been found convenient t o  c o r r e l a t e  t h e  

pressure  loss under turbulen t  flow condi t ions  i n  terms of t h e  

ve loc i ty  head, - pv2 t h e  f r i c t i o n  f a c t o r S  f ,  and t h e  passage 
2g 7 

L length t o  diameter r a t i o ,  - Thus t h e  pressure  lo s s  D '  
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is  expressed as,  

Equation (2) app l i e s  t o  t h e  flow through c i r c u l a r  passages, 

However, i t  has been found t h a t  t he  same turbulence i n t e n s i t y  

and t h e  same f r i c t i o n  f a c t o r  correlation p r e v a i l  i f  t h e  r a t i o  

of t h e  flow passage a rea  t o  t h e  wetted per imeter  i s  kept constant .  

This  r a t i o  i s  c a l l e d  t h e  hydraul ic  rad ius  and 4 x (hydraul ic  radius)  

is  defined a s  t h e  hydraul ic  equivalent  diameter, De. 

Equation (2) can be extended t o  c o r r e l a t e  t h e  pressure l o s s  

f o r  f luid-f low passing through passages o the r  than t h e  c i r c u l a r  

p ipe  i f  t h e  hydraul ic  equivalent  diameter concept i s  used. 

Thus w e  have, 

Therefore,  

measured (L-1 
f =  (e) ('v'sh 

Where De i s  ca lcu la ted  by t h e  following r e l a t i o n ,  

She l l  s i d e  net flow area  D = 4  e S h e l l  s i d e  wetted per imeter  

(3) 

(4) 

and (Hv)sh which denotes t h e  s h e l l  s i d e  ve loc i ty  head has t h e  

t h e  following expression, 

With A denoting t h e  s h e l l  side net flow area .  F 
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(4)  Loss Coeff ic ien t ,  K 

I n  a conventional way, t h e  f l u i d  flow pressure  loss caused by 

passing obs tac les ,  changes i n  passage d i r e c t i o n s ,  changes i n  

passage cross-sect ions,  etc.,  can be co r re l a t ed  by mult iplying 

some appropr ia te  ve loc i ty  heads by a loss c o e f f i c i e n t ,  t h a t  is  

(@)measured o r  
K =  

HV 

NRe (5) Reynolds Number, 

Reynolds number i n  t h e  present  test  was based upon t h e  s h e l l  

s i d e  average ve loc i ty  and 

defined i n  Equation (4) .  

t h e  hydraul ic  equivalent  diameter D 

W e  have, 
e' 

f o r  water was evaluated t." Where t h e  absolu te  v i scos i ty ,  

according t o  t h e  temperature of t h e  running water a t  t h e  e x i t  

of t h e  test sec t ion .  Since t h e r e  i s  no heat  t r a n s f e r  involved 

i n  t h e  present  hydraul ic  tes t ,  i t  i s  believed t h a t  a l l  tests 

w e r e  made under approximately isothermal  condi t ions.  

B. Pressure L o s s  Corre la t ions  

(1) Axial Flow Passing Tube Bundle 

Almost f i f t y  pressure drop d a t a  po in t s  were accumulated f o r  test 

sec t ion  I, i .e. ,  a x i a l  s h e l l  s i d e  flow passing through t h e  tube 

bundle over a 5-foot tube  length.  The pressure  loss and f r i c t i o n  

f a c t o r  ca l cu la t ed  by Equations (1) and (3) a r e  presented i n  

Figures  ( 8 )  and (9) .  A comparison was made between t h e  present  

measured da ta  and t h e  value predic ted  by t h e  conventional 

pressure  l o s s  co r re l a t ion .  The B las ius  f r i c t i o n  f a c t o r  equat ion 
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i s  used f o r  t h e  comparison 

f = 0.316 (N ) R e  

and has t h e  following expression, 

- 1/4 
(8) 

f o r  smooth p ipes  w i t h  N ranging from 3,000 t o  100,000. 
R e  

As shown i n  Figure (9), it i s  noted t h a t  t h e  experimental  

f r i c t i o n  f a c t o r  from t h e  present  test  is about 10 t o  20% lower 

than  t h e  value predicted by t h e  convent ional ly  used formula 

i n  Equation ( 8 ) .  

(2) Perturbed Axial Flow Passing Through Wire Coil  

Wramed Tube Bundle 

Nine wire c o i l  combinations ( w i r e  diameter x p i t ch )  were t e s t e d  

over a Reynolds number range of 1.8 x 10 

Pressure loss da ta  ca lcu la ted  from Equation (1) was presented 

4 4 5 NRe - 3.8 x 10 . 

i n  Figure (10). P l o t s  of t h e  r a t i o  (AP) w c  , i . e . ,  t h e  pressure  

ax (AP) 

loss r a t i o  of t h e  perturbed a x i a l  flow t o  t h e  a x i a l  flow over 

t h e  same 5-foot tube  length a t  t h e  same Reynolds Number, a r e  

presented i n  Figures  (11) t o  (13) f o r  var ious w i r e  c o i l  

combinations. A s  shown by these f igu res ,  t h e  general  t r end  of 

pressure  lo s ses  was found t o  be d i r e c t l y  propor t iona l  t o  t h e  

w i r e  s i z e  and inverse ly  propor t iona l  t o  the  wire p i t ch .  For 

t h e  purpose of comparing t h e  turbulen t  o r  mixing l e v e l  induced 

by t h e  var ious w i r e  coi l  combinations, a mixing parameter i s  

introduced and defined as follows, 

2 

i s  t h e  r a t i o  of w i r e  p i t c h  t o  t h e  she l l  i n s i d e  

diameter and&- dw i s  t h e  r a t i o  of t h e  w i r e  diameter t o  t h e  

c learance  between t h e  s h e l l  i n s i d e  diameter and t h e  tube bundle 

d i  amet er  e 

16 



The following t a b l e  shows t h e  turbulence l e v e l  i n  terms of qj 

defined above f o r  var ious w i r e  coils tested. Also, shown i n  

t h i s  t a b l e ,  a r e  t h e  d i s t ances  required f o r  developing a f u l l y  

mixed flow region. These d i s t ances  were v i s u a l l y  determined 

by upstream dye in j ec t ions .  

I I 
Mixing Parameter 

(wire d ia .  x p i t ch )  

* Distance Measured from t h e  s t a r t  'of t he  w i r e  c o i l  region. 

F r i c t i o n  f a c t o r s  f o r  f l u i d  flow passing through the w i r e  c o i l  

region were ca l cu la t ed  by Equation (3) and t h e  r e s u l t s  were 

presented i n  Figures  (14) t o  (16) f o r  var ious turbulence l e v e l s  

induced by the wire c o i l .  These f i g u r e s  show t h a t  t he  f r i c t i o n  

f a c t o r s  a r e  not too much dependent upon t h e  Reynolds number. 

Several  i n t e r e s t i n g  p l o t s  i n  Figures  (17) and (18) show t h e  

e f f e c t  of t h e  wire s i z e ,  w i r e  p i t c h  and turbulence on t h e  

f r i c t i o n a l  c h a r a c t e r i s t i c  f o r  t h e  a x i a l l y  perturbed f l o w  passing 

t h e  tube bundle. Af te r  d i g e s t i n g  these p l o t s ,  a compromise seems 

t o  e x i s t  between pressure  loss and turbulence before  s e l e c t i n g  

t h e  best  wire coi l  combination f o r  t h e  design purpose. 

(3) Spacer Subject t o  Incoming Axial o r  Perturbed Axial Flow 

A s  described before,  two spacers  wi th  exac t ly  t h e  same geometry 

were i n s t a l l e d  i n  test sec t ions  11 and V f o r  eva lua t ing  t h e  loss 

c o e f f i c i e n t  under d i f f e r e n t  incoming flow condi t ions.  I n  test 
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s e c t i o n  11, t h e  incoming flow i s  purely a x i a l  and i n  test  

s e c t i o n  IV,, t h e  incoming flow i s  perturbed o r  d i s t o r t e d  from 

t h e  a x i a l  flow condi t ion by i n s t a l l i n g  a h e l i c a l  w i r e  c o i l  

i n  t h e  upstream. Ef fo r t  was made i n  t h e  present  t e s t  t o  

eva lua te  t h e  inf luence  of d i f f e r e n t  incoming flow condi t ions  

on f r i c t i o n a l  c h a r a c t e r i s t i c s  when she l l  s ide flow passes  

through tube  support ing spacers .  

Three sets of spacers  w i t h  d i f f e r e n t  geometries, a s  i l l u s t r a t e d  

i n  Figure (5) were t e s t ed .  Figure (19) shows t h e  pressure  loss 

f o r  these three d i f f e r e n t l y  designed spacers  when t h e  incoming 

flow was a x i a l  only. A s  t h e  f i g u r e  shows, the SN-1 Bo i l e r  R o d  

spacers  has t h e  g rea t e s t  p ressure  drop over spacers  No.  1 and 

N o .  2. I n  addi t ion ,  t h e  pressure  drop f o r  spacer  No.  2 i s  

about 30 - 40% of t h a t  value f o r  Spacer No. 1. The t e s t e d  

spacers  N o .  1 and No. 2 were r ecen t ly  designed f o r  t h e  SNAP-8 

new b o i l e r  assembly, and a s  manifested by t h e  present  test 

r e s u l t s ,  t h e  pressure  l o s s  reduct ion f o r  spacer  No.  2 i s  

valuable  f o r  t h e  f i n a l  s e l e c t i o n  of tube support ing spacers .  

The design cons idera t ion  i s  even more severe i n  t h e  case  where 

a l a rge  number of spacers  a r e  required f o r  a long b o i l e r ,  and 

t h e  o v e r a l l  s h e l l  s i d e  allowable maximum pressure  l o s s  i s  l imited.  

The effects of upstream d i s t o r t e d  flow on t h e  pressure  l o s s  f o r  

var ious spacers  a r e  presented i n  Figure (21).  The d i s t o r t e d  

l e v e l  of t h e  incoming flow is  indica ted  by t h e  mixing parameter @ 

defined previously.  A s  w e  can see  from t h i s  f i gu re ,  t h e  pressure  

l o s s  across  t h e  spacer  i s  d i r e c t l y  propor t iona l  t o  t h e  incoming 

flow d i s t o r t e d  l eve l s .  For example, i n  t h e  rod spacer  case 

w i t h  @I = 3.92 (1/4-inch x 3-inch w i r e  c o i l  i n  t h e  upstream) t h e  

pressure  drop is  about 1.2 t i m e s  g r e a t e r  than  t h e  case w i t h  @5 = 0 

(no w i r e  co i l  i n  t h e  upstream). However, a s  shown i n  Figures  (22) 

and (23) t h e  e f f e c t  of upstream turbulence l e v e l  i s  genera l ly  

small  on t h e  f r i c t i o n a l  c h a r a c t e r i s t i c s  when f l u i d  flow passes  

through t h e  spacers.  In  t h e  range of t h e  w i r e  co i l  used i n  t h e  

present  tes t ,  t h e  devia t ions  i n  pressure  loss a r e  genera l ly  less 

than  20% off  from t h e  a x i a l  flow values.  
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For t h e  purpose of p r a c t i c a l  design uses, loss c o e f f i c i e n t s  f o r  

var ious spacers  were ca lcu la ted  from Equation (6) based upon t h e  

ve loc i ty  head through the  spacer .  The r e s u l t s  a r e  presented i n  

Figures  (20) ,  (22) and (23) over t h e  Reynolds number range of 

1.8 x 10 

spacers '  loss c o e f f i c i e n t s  a r e  almost independent of Reynolds 

numbers. 

4 <  < 4 - NRe - 3.8 x 10 . These f i g u r e s  show t h a t  t h e  

(4) Fluid Flow Through She l l  Radial P o r t s  and Exit Manifold 

A s  i l l u s t r a t e d  i n  Figure (41, t he  s h e l l  s i d e  flow path i n  t h e  

e x i t  region i s  featured by a sudden t u r n  from i t s  a x i a l  d i r e c t i o n  

t o  t h e  c i r c u l a r  path i n  t h e  manifold by passing through a 

series of d i f f e r e n t  s ized  r a d i a l  holes  on the  shell wall .  I n  t h e  

present  test, pressure  lo s ses  were measured f o r  t h e  flow passing 

these holes  and t h e  c i r c u l a r  manifold separa te ly .  ABout f i f t y  

d a t a  po in t s  were accumulated and t h e i r  average values were 

presented i n  Figure (24) .  I t  can be r e a d i l y  concluded from t h i s  

figure t h a t  t h e  pressure  loss across  t h e  r a d i a l  ho le  i s  about 

85 - 90% of t h e  t o t a l  p ressure  drop f o r  t h e  whole e x i t  assembly. 

L o s s  c o e f f i c i e n t s  f o r  r a d i a l  holes and c i r c u l a r  manifold, K 

and K respec t ive ly  were ca l cu la t ed  from Equation (6) and 

presented i n  Figure (25). The ve loc i ty  heads used i n  t h e  

c a l c u l a t i o n  were evaluated based upon t h e  flow area  through 

r a d i a l  holes  and manifold, respec t ive ly .  In  addi t ion,  one more 

e f f o r t  w a s  made t o  examine the  upstream d i s t o r t e d  flow e f f e c t  

on t h e  e x i t  region. A s  shown i n  Figure (26), it i s  noted t h a t  

there i s  no appreciable  e f f e c t  from upstream turbulence on t h e  

e x i t  region pressure  loss over t h e  s i z e  of t h e  turbulence 

promoter being employed i n  t he  present  tes t .  

eh 

em' 
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V VISUAL STUDIES OF FLOW DISTRIBUTION 

Visual  and photographic observa t ions  of t h e  s h e l l  s i d e  flow mixing 

phenomena were simultaneously made wi th  t h e  s ta t ic  p res su re  drop measure- 

ments, 

by adding turbulence  promoters and t h e  flow d i s t r i b u t i o n  a t  t h e  e x i t  

region. 

Of p a r t i c u l a r  i n t e r e s t  w a s  t h e  s h e l l  s i d e  flow mixing produced 

A. S h e l l  Side Flow D i s t r i b u t i o n  and Mixing i n  t h e  Exi t  Region 

A p l e x i g l a s s  model of t h e  e x i t  manifold and flow b a f f l e  assembly 

which was designed t o  i n s u r e  uniform flow d i s t r i b u t i o n  i n  t h e  e x i t  region 

was employed f o r  v i s u a l  study of t h e  na tu re  of s h e l l  s i d e  flow i n  t h i s  

end region, As i l l u s t r a t e d  i n  Figures (34)and (34a), an earlier p i c t u r e  

which was taken without  i n s t a l l i n g  t h e  exi t  manifold assembly showed very 

bad flow d i s t r i b u t i o n  i n  t h e  exit  region, However, a f t e r  i n s t a l l i n g  t h e  

e x i t  manifold assembly, t h e  p i c t u r e  w a s  q u i t e  changed from t h e  one shown 

i n  Figure (34) , As shown i n  Figures (35) and (35a) t h e  she1  

f irst  comes i n  a x i a l l y  and then  undergoes a 90' t u r n  through a series of 

ed holes  on tube. These r a d i a l  ho les  were so s i z e d  

as t o  meet t h e  condi t ion  of uniform f l  d i s t r ibu t ion ' "  S imi la r  goo 

e promoter of 1/4- 
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around t h e  tube bundle. Upstream dye i n j e c  ere used f o r  v i s u a l  

t f o n  of t h e  s h e l l  s i d e  flow mixing phenomena. As i l l u s t r a t e d  i n  Figu 

(36) and (36a) dye w a s  i n j e c t e d  a t  two ups t  earn l o c a t i o n s  (180' apa r t )  

and the  s h e l l  s i d e  flow had ind ica t ed  no mixing a t  a l l  without  wrapping 

t h e  w i r e  c o i l  around t h e  tube bundle, 

Figures (37) and (37a), t h e  s h e l l  s i d e  f ow d id  show very good mixing 

a f t e r  wrapping a w i r e  c o i l  (3/16-inch x 3-inch) around t h e  tube  bundle. 

Both p i c t u r e s ,  as i l l u s t r a t e d  i n  Figures (36) and (37), were taken a t  a 

d i s t a n c e  of about s i x  f e e t  downstream from t h e  dye loca t ions .  

On t h e  con t r a ryp  as sh 

The mixing e f f e c t  of var ious  turbulence promoters w a s  then  evaluated 

by observing t h e  tu rbu len t  level of s h e l l  s i d e  flow wi th  t h e  a i d  of dye 

i n j e c t i o n s .  Furthermore, t h e  d i s t a n c e s  requi red  f o r  developing a f u l l y  

mixed reg ion  were a l s o  v i s u a l l y  determined f o r  var ious  w i r e  c o i l  combina- 

t i ons .  

I V .  

combination of 1/8-inch x 3-inch i n d i c a t e  good mixing of 

flow a f t e r  t h e i r  en t rance  lengths.  

combination w a s  found t o  r e q u i r e  an unreasonably long en t rance  l eng th  of 

45 inches and even a f t e r  t h i s  en t rance  length ,  t h e  mixing w a s  still  poo 

as compared wi th  t h e  r e s u l t s  produced by t h e  res of t h e  w i r e  combina 

The en t rance  l eng th  f o r  t h e  w i r e  c o i l  combinations of 3/16-inch x 6-inch 

is q u a l i t a t i v e l y  s h  

These en t rance  lengths  were l i s t e d  i n  t h e  t a b l e  shown i n  Sec t ion  

I n  genera l ,  a l l  t h e  w i r e  c o i l  combinations except t h e  one wi th  t h e  

t h e  s h e l l  s i d e  

The wire c o i l  of 1/8-inch x 3-inch 

i n  Figure (37a). 

The present  v i s u a l  and photog aphic  study of t h e  s h  

ing by employing t u  bulence promoters 

c lus ions  : 

de flow mixing is foun 

o t h e  w i r e  c o i l  diame 

2 



wrapping pitch, 

A 1/8-inch wfre with tight pitch of 3-inches was found very 

poor with respect to the mixing effect. The clearance, C, 

defined as the distance between the shell inside diameter and 

the tube bundle diameter is measured as 9/32-inch. In other 

4 0.445, the turbulence produced by the pro- words, when - 
moter is inadequate to mix the shell side flow. 

dW 
c -  

Entrance length is approximately inversely proportional to 

the mixing parameter 9. 
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V I  DISCUSSION OF TEST RESULTS 

F r i c t i o n  Factors  

Experimentally determined pure f r i c t i o n  f a c t o r s  f o r  a x i a l  flow 

through t h e  tube  bundle a r e  presented i n  Figure ( 2 7 )  and a r e  compared 

with t h e  f r i c t i o n  f a c t o r  curves f o r  conventional use from References (2) 

and (3). As shown i n  t h e  f igure ,  l i n e  A-B i s  c i t e d  from Reference (2) 

f o r  commercial pipes,  i .e . ,  c lean  pipes  of steel  and c a s t  i r o n  and 

can be expressed by t h e  following equation, 

3.2 log 10 [NRe F] + 1.2 

Line C-D i s  f o r  smooth pipes  (g l a s s ,  copper and most drawn tubing)  

and may be expressed as, 

0.125 f = 0.0014 + 

f o r  t h e  range of Reynolds numbers 3,000 t o  3,000,000. Line E-F i s  

taken from Moody's curves(3) and p l o t t e d  from t h e  equation of 

Colebrook and White (4), f o r  t h e  r e l a t i v e  roughness, - - - 0  
De 

- 2e + 
10 De ( 12) 

= 1.74 - 2 log 1 

Where i s  defined as absolute  roughness of t h e  pipe inner  sur face .  

Line E-G and E-W a r e  p lo t t ed  from t h e  above equat ion f o r  = 0.0001 
De 

and = 0.0004 respec t ive ly .  
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Line I-J i s  ca lcu la ted  from t h e  Blas ius  f r i c t i o n  f a c t o r  

c o r r e l a t i o n  expressed i n  Equation ( 8 )  f o r  smooth p ipes  i n  t h e  

range of Reynolds number 3,000 t o  100,000. 

F ina l ly  l i n e  K-L i s  t h e  resu l t  reduced from 60 da ta  po in t s  of 

t he  present  t e s t .  

As shown i n  t h e  f igu re ,  it i s  seen t h a t  t h e  experimental f r i c t i o n  

f a c t o r s  from t h e  present  test l ie approximately 10 t o  20% below a l l  

t h e  conventional p red ic t ions  f o r  smooth pipes.  The d i f f e rence  

between tube-bundle and tube f r i c t i o n  f a c t o r s  may be explained 

p a r t i a l l y  by e r r o r s  i n  flow awep,flow r a t e  and equivalent diameter 

measurements, but t hese  errors (est imated t o  be about 11% i n  

Appendix B) a r e  not la rge  enough t o  explain t h e  e n t i r e  d i f fe rence .  

I t  may be t h a t  t h e  semi-empirical concept of hydraul ic  equivalent  

diameter f o r  nonci rcu lar  flow passage i s  not exac t ly  co r rec t  f o r  a 

flow c ross  sec t ion  of t h e  present test so d i f f e r e n t  from a round tube.  

I n  o t h e r  words, the  f a c t  t h a t  t he  pressure  drop i s  exac t ly  inverse ly  

propor t iona l  t o  D i s  no longer t r u e  i n  t h e  case wherethe flow 

passage dev ia t e s  t oo  much from the  round c i r c u l a r  shape. I t  i s  

thought t h a t  more geometrical  quant i t ' ies  have t o  be considered 'in 

e 

t h e  pressure  drop c o r r e l a t i o n  f o r  t h e  tube-bundle case,  and 

p i t c h  t o  diameter r a t i o  of t h e  tube  bundle seems t o  be t h e  most 

l i k e l y  nondimensional parameter t o  be considered. 

The experimental  f r i c t i o n  f a c t o r s  f o r  perturbed axial  flow passing 

the  tube bundle are presented i n  Figures  (14) t o  (16). 

t i o n  of t h i s  t e s t  d a t a  a c o r r e l a t i o n  can be made over t he  Reynolds numbers 

range of 18,000 t o  38,000 as follows, 

After  a m  examina- 

= (1 -b 1,254) fax f w c  

where @ is t h e  previously defined turbu ent mixing par=eter.  
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Loss Coef f i c i en t s  

The experimental  r e s u l t s  f o r  spacer  loss c o e f f i c i e n t s  as 

func t ions  of Reynolds numbers a r e  presented i n  Figures  ( 2 0 )  t o  (23) 

and t h e  r e su l t s  f o r  e x i t  loss c o e f f i c i e n t  i n  Figure (25). For the  

purpose of comparison, a new p l o t  of loss c o e f f i c i e n t s  which were 

evaluated based upon t h e  s h e l l  s ide ve loc i ty  head i s  presented i n  

Figure (28).  I n  t h i s  f igure ,  t h e  symbol I i n d i c a t e s  t h e  experimental  

s c a t t e r i n g  of t h e  test da t a .  Most of t h e  l o s s  c o e f f i c i e n t s  showed 

a s l i g h t  decrease w i t h  i nc reas ing  Reynolds number a s  might be expected. 

I n  Figure (29), an i n t e r e s t i n g  p lo t  of t h e  spacer  loss c o e f f i c i e n t  

a s  a func t ion  of t h e  net flow area  i s  presented. T h i s  net flow area  

r a t i o  i s  defined as follows: 

- N e t  Flow Area Ins ide  the  Spacer 
N e t  Flow Area i n  S h e l l  S ide  

(AF) s p  - 
(AF) sh 

As expected, t h e  curve i n  Figure ( 2 9 )  shows a f a i r l y  sharp increase  

i n  t h e  loss c o e f f i c i e n t  a s  t he  ne t  flow area  r a t i o  i s  decreased. 

Conventional methods i n  p red ic t ing  loss c o e f f i c i e n t  f o r  f l u i d  

flowing through passages subjec t  t o  c ros s  s e c t i o n a l  o r  d i r e c t i o n a l  

changes a r e  gene ra l ly  accomplished by summarizing r a t h e r  complex 

combinations of con t r ac t ion  lo s s ,  expansion loss, tu rn ing  loss and 

so fo r th .  For instance,  t h e  flow through a spacer  must first undergo 

a con t r ac t ion  i n t o  a smaller  flow area  then  followed immediately 

by an expansion t o  t h e  l a r g e r  s h e l l  side flow area .  N o  attempt has 

been made t o  pred ic t  t hese  loss c o e f f i c i e n t s  f o r  comparison w i t h  

t h e  present da t a  s ince  t h e i r  complex na ture  would make agreement 

acc identa l .  

Er ror  Analysis 

I n  Appendix (B), a complete e r r o r  ana lys i s  i s  presented. The 

experimental e r r o r  i n  eva lua t ing  f r i c t i o n  f a c t o r s  and l o s s  c o e f f i c i e n t s  

a r e  summarized a s  follows: 

Tes t  Resul ts  Maximum Possible Er ro r s  

11% 

10% 
ax f 

f w c  
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Maximum Poss ib le  Errors 

15% 

8% 

2 6% 

as 



V I 1  CONCLUDING FtEMARKS 

Experimental information on shell  side hydraul ic  c h a r a c t e r i s t i c s  

f o r  a f u l l - s c a l e  SNAP-8 Mult ip le  Tube Model Bo i l e r  has r e su l t ed  from 

t h i s  i nves t iga t ion .  The pressure  l o s s e s  f o r  t h e  she l l  s i d e  flow 

passing through various passages have been measured and co r re l a t ed .  

Both f r i c t i o n  f a c t o r s  f o r  t he  s h e l l  s ide flow passing t h e  tube  bundle 

w i t h  o r  without tu rbulence  promoters and l o s s  c o e f f i c i e n t s  f o r  d i f f e r e n t  

kinds of tube  supporting spacers  and e x i t  manifolds have been 

experimentally determined. The gene ra l  conclusions r e s u l t i n g  from 

t h i s  i n v e s t i g a t i o n s  a r e  drawn a s  follows: 

1. F r i c t i o n  f a c t o r s  f o r  s h e l l  s ide a x i a l  flow passing through 

t h e  tube  bundle a r e  found t o  be about 10 - 20% lower than  

t h e  values pred ic ted  by convent ional  empir ica l  equations 

f o r  smooth pipes.  The p i t c h  t o  diameter  r a t i o  seems t o  be 

t h e  most appropr ia te  nondimensional parameter t o  be added 

t o  the  conventional p re s su re  drop c o r r e l a t i o n s .  

2.  F r i c t i o n  f a c t o r s  f o r  shell s i d e  pertrubed a x i a l  flow passing 

through the  tube  bundle can be predic ted  by mul t ip ly ing  a 

c o e f f i c i e n t  group w i t h  t h e  value f o r  pure a x i a l  f l o w ,  i .e . ,  

*wc 

over t h e  Reynolds number range of 18,000 t o  38,000. 

defined as t h e  t u ~ b u  e n t  mixing ~ a r ~ e t e r  in equat ion ( 9 ) -  

Where 9 is 

3. Both f r i c t i o n  f a c t o r s  and l o s s  c o e f f i c i e n t s  a r e  found t o  

s l i g h t l y  decrease  when inc reas ing  t h e  Reynolds number. 
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( 4 )  Pressure loss i n  t h e  perturbed a x i a l  flow region was found t o  be 

d i r e c t l y  propor t iona l  t o  t h e  turbulence promoter s i z e  (copper w i r e  

c o i l s  wrapped around t h e  tube bundle have been used a s  t h e  

turbulence promoters) and inve r se ly  propor t iona l  t o  t h e  wrapping 

p i t ch .  

(5) The  mixing e f f e c t  induced by t h e  turbulence promoter i s  found t o  

be d i r e c t l y  propor t iona l  t o  t he  w i r e  c o i l  s i z e  and inverse ly  

propor t iona l  t o  t h e  w i r e  wrapping p i t ch .  

(6) An increase  i n  pressure  l o s s  f o r  t h e  spacers  is  found when t h e  

mixing l e v e l  of t h e  upstream incoming flow is  increased. A 

t y p i c a l  example shows t h a t  i f  i n s t a l l i n g  a turbulence promoter 

(1/4-inch x 3-inch copper w i r e  coil) i n  t h e  upstream, t h e  pressure  

l o s s  f o r  t h e  spacer  i s  about 20% higher  than  t h a t  value when 

there i s  no turbulence promoter i n  t h e  upstream. 

(7) About 90% of t h e  t o t a l  e x i t  loss was found t o  have occurred 

when t h e  flow passes  through t h e  s h e l l  tube  r a d i a l  p o r t s  which 

were designed t o  m e e t  t h e  requirement of uniform s h e l l  s ide 

flow d i s t r i b u t i o n  i n  t h e  e x i t  region. I n  addi t ion ,  t h e  t o t a l  

e x i t  p ressure  l o s s  was a l s o  found t o  be a weak funct ion of  

upstream mixing l e v e l  induced by t h e  turbulence promoters. 

(8) Se lec t ion  of t h e  s h e l l  s i d e  turbulence promoter i s  a compromise 

between pressure  l o s s  and mixing effect.. With reasonable 

pressure  loss ,  t h e  best  choice manifested by t h e  present  

test  seems t o  be a 3/16-inch diameter w i r e  c o i l  w i t h  6-inch 

p i t ch .  A f u l l y  developed mixing of t h e  s h e l l  s i d e  flow was 

v isua l ized  a f t e r  two or three t u r n s  of t h e  wrapping w i r e  c o i l  

or 15 t o  20 inches from t h e  start of t h e  wire  c o i l .  
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APPENDIX (A) TABULATION OF TEST DATA 

(1) Axial F l o w  Passing Tube Bundle (AP) I 

lbisec 4 TESTING RUNS w 

9 .1  1.84 0.038 0.038 0.0325 0.0298 0.0312 0.0339 0.027 0.032 0.027 0.029 

12.3 2.48 0.054 0.057 0.0535 0.0551 0.0583 0.057 0.053 0.051 0.049 0.053 

15 3.02 0.079 0.076 0.0786 0.0759 0.085 0.081 0.076 0.076 0.073 0.074 

17 3.43 0.0975 0.0975 0.095 0.0975 0.106 0.10 0.095 0.10 0,095 0.095 

19 3.83 0.122 0.121 0.133 0.119 0.121 0.119 0.103 0.119 0.114 0.119 

I1 (2) Axial F l o w  Passing Spacers (AP) 

N 'H 0 Re 
2 

lb/sec - SPACER #I bz -ROD SPACER -2- 

9 , l  1.84 0.033 0.035 

12.3 2.48 0.057 0.067 

15 3.02 0.086 0.095 

17 3.43 0.11 0.12 

19 3.83 0.146 0.144 

0.035 0.038 0.034 0.04 0.104 0.106 0.088 0.089 

0.072 0,067 0.065 0.075 0.162 0.171. 0.157 0.157 

0.097 0.098 0.092 0.106 0.244 0.242 0.222 0.22 

0.14 0.13 0.12 0.13 0.315 0.325 0.296 0.294 

0.17 0.154 0.146 0.161 0.415 0.41 0.366 0.378 

14" 
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(Ap) I I I (3) Perturbed Axial Flow Passing Through Bundle, 

(Psi)  'H,O N ~ e  x I I I 
-% . Wire c o i l  Combinations . 

lb/sec (1/4x3) (1/4x6) (1/4xlO) ( 1/4~20)  (3/16~3) (3 /16~6)  (3/1OxlO) (3/10x20) (118x3) 

9 .1  1.84 0.184 0.109 0.087 0.076 0.15 0.079 0.064 0.042 0.073 

12 .3  2.48 0.298 0.205 0.155 0,098 0.246 0.14 0.113 0,087 0.096 

15 3.02 0.445 0.323 0.207 0.142 0.344 0.209 0.161 0,121 0.138 

17 3.43 0.577 0.425 0.285 0.183 0.464 0.276 0.204 0.153 0.174 

19 3.83 0.74 0.531 0.352 0.241 0.581 0.36 0.257 0.19 0.225 

IV (4) Perturbed Flow Passing Spacers, 

-4 N x .o  
'HZO Re 

Upstream Flow Mixing Parameter @ - 
lb'sec 3.92 2.08 1.41 0.985 2.22 1.18 0.96 0.795 .058 

-ROD SPACER - - SPACER #1 * 
9 . 1  1.84 0,113 0.103 0.097 0.089 0,039 0.034 0.033 0.031 0.029 

0.042 12.3 2.48 0.214 0.208 0.174 0.193 0.065 0.06 0.056 0.05 

15 3.02 0,296 0.271 0.253 0,241 0.089 0.084 0.083 0.079 0.066 

17 3.43 0.389 0.36 0.3'54 0.325 0.116 0.106 0.101 0.091 0.09 

19 3.83 0,465 0.448 0.41 0.38 0.148 0,131 0.128 0.12 0.126 

14" 
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( 5 )  Shell  Side Flow Passing Through t h e  Ex i t  Radial Ports,  

'H20 N R e  
( A n v  (Psi)  

Upstream Flow Mixing Parameter, Q, 

l b  Isec 3.92 2.22 2.08 1.41 1.18 0.985 0.96 0.795 0.58 

9 .1  1.84 0.0765 0.089 0.078 0.084 0.083 0.078 0.086 0.06 0.07 

12.3 2.48 0.168 0.165 0.168 0.160 0.17 0.161 0.154 0.171 0.161 

0.236 15 3.02 0.246 0.241 0.25 0.238 0.246 0.233 0.228 0.263 

17 3.43 0.329 0.319 0.346 0.318 0.336 0.318 0,314 0.344 0.304 

19 3.83 0.431 0.486 0.438 0.404 0.453 0.421 0.378 0.428 0.382 

v1 (6) S h e l l  Side Flow Passing t h e  Ex i t  Manifold (AFJ) 

w N x1~-4 
H20 Re 

Upstream Flow Mixing Parameter, qj 

l b  /sec 3.92 2.23 2.08 1.41 1.18 0.985 0.96 0.795 0.58 

9 .1  1.84 0.0081 0.0063 0.089 0.007 0.0066 0.0085 0.0061 0.0054 0.0041 

12.3 2.48 0.0185 0.0171 0.019 0.018 0.0162 0.018 0.0196 0.0125 0.015 

15 3.02 0.0312 0.028 0.035 0.0298 0.0203 0.0298 0.0305 0.028 0.036 

17 3.43 0.0434 0.041 0.051 0.049 0.0398 0.0352 0.038 0.038 0.043 

19 3.83 0,0543 0,053 0.065 0.063 0.048 0.0515 0.0595 0.054 0.056 
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( 7 )  Pressure Loss Across Spacer #1* (Upstream Axial  Flow Only) 

( lb / sec )  10 10 .5  1 11.8 12 12.2 1 . 8  13 .4  13 .8  14 .5  15 16 

&'(Psi) .076 .OS .096 .099 . l o 2  e 115 . l 2  .135 e 155 .157 ,195 

( 8 )  Pressure Loss Across the  Exit Manifold Assembly* 

W ( lb / sec )  10 10.5 11.8  12.2 12.8 13 .8  14 .5  1 6 . 1  
H2° 

AP( P s i )  0 .178  0 .214  0 .251  0.268 0 .301  0 .371  0 . 4 3  0.485 

* Data taken from t h e  preliminary checkout test which was described i n  
Contract NAS 3-10610, Monthly Status  Report of March 10, 1969. 
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APPENDIX (B) ERROR ANALYSIS OF THE TEST DATA 

The maximum error l i m i t  on t h e  measured f r i c t i o n  f a c t o r s  and loss 

c o e f f i c i e n t s  have been estimated a s  follows: 

The f r i c t i o n  f a c t o r  is  ca l cu la t ed  from t h e  equation 

f = AP 
0 

Then t h e  maximum e r r o r  is  given approximately by 

f 2 2 2 2 

(A- 1) 

(A-2) 

The following u n c e r t a i n t i e s  a r e  constant and estimated as; 

d (De) 
E 0.03 o r  3% Equivalent Diameter, 

e D 

d ($1 

AF 
- = 0.04 or 4%. S h e l l  Side N e t  Flow A r e ,  

d(L) 
L T e s t  Sect ion Length, - = 0 o r  zero percent error i n  L is assumed. 

ge of e r r o r s  made i n  t h e  water flow r a t e  i s  genera l ly  a 

funct ion of t h e  discharge coe f f i c i en t  of t h e  o r i f i c e ,  t h e  upstream 

pressure  leve  of t h e  o r i f i c e  and t h e  accuracy of t h e  mercury manometer. 

For t h e  present  test, t h e  maximum u n ~ e ~ a i ~ t y  i n  t h e  measurement of water 

flow r a t e  lies i n  t he  mercury manometer which has  an accuracy known 
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t o  0.05 inches of mercury. Then, t h e  maximum e r r o r  can be made 

fo r  t h e  water  f l o w  r a t e  estimated a t  5% for  t h e  lowest f l o w  r a t e s  

used i n  t h e  test  and 1% for  t h e  h i g h e s t  flow r a t e s .  

The error i n  t h e  pressure  measurement d(AP) i s  a funct ion of t h e  
( A n  

t e s t  s ec t ion  pressure  drop. An error curve was presented i n  Figure (30) 

based upon an accuracy i n  t h e  Meriam manometer reading known to 0 .1  inches 

of Meriam f l u i d .  Based upon t h i s  curve,  t h e  maximum errors occurr ing 

f o r  each test s e c t i o n  a r e  l i s t e d  as follows: 

d(APax) 
= 0.07 o r  7% 

ax 

= 0.13 OF 13% 

spacer  #1 

[v] = 0.03 or 3% 
rod spacer  

= 0.03 

O r  5% 

or 3% 

exit r a d i a l  port  

= 0 . 2 5  o r  25% 
exit meni fold 

Then, t h e  f r i c t i o n  f a c t o r s  fo r  t h e  present  test are estimated t o  bear 

t h e  following maximum e r r o r s  

2 2 = 0.108 or  10.8% 0.07) + (0.03) + (0.08) 
d(fax)  

ax f 
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d ( fwc) 

f = 0.097 o r  9.7% 
wc 

md t h e  l o s s  c o e f f i c i e n t  i s  ca l cu la t ed  from t h e  equation 

AP 
K =  n 

(A-3) 

t h e  e r r o r  i n  K can be w r i t t e n  as 

I f  t h e  s h e l l  s i d e  ne t  flow area A is used which has an estimated maximum 

e r r o r  of 4% then  w e  ob ta in  
F 

= 0,151 o r  15.1% 
spacer # 1 

= 0.083 o r  8.3% 
rod spacer 

= 0.083 or 8.3% 
e x i t  r a d i a l  po r t s  

= 0.261 o r  26.1% 

e x i t  manifold 
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I t  should be noted t h a t  t h e  above e s t ima te  i s  based upon t h e  

which has an estimated e r r o r  of 4%. When t h e  AF’ s h e l l  s i d e  net flow a rea ,  

net flow area  passs ing  through spacer  o r  e x i t  manifold i s  used,  one 

would expect t h a t  t h e  e r r o r  f o r  K would be g r e a t e r  t han  t h e  values shown 

above due t o  t h e  increased d i f f i c u l t y  i n  es t imat ing  flow area  f o r  a 

more complicated geometry. 
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